The herpes simplex virus type 1 helicase-primase complex consists of the products of the UL5, UL8 and UL52 genes. We have expressed these proteins in insect cells using baculovirus vectors and studied the requirements for enzymatic activities associated with the DNA unwinding function of the complex. In agreement with a recent report (Dodson, M.S., Crute, J.J., Bruckner, R.C. and Lehman, I.R. 1989, J. Biol. Chem. 264,20835 -20838) we find that DNA-dependent ATPase and DNA helicase activitites are assembled in vivo in insect cells triply infected with viruses expressing the UL5, UL8 and UL52 proteins. Moreover, these activities were also detected in cells in which only the UL5 and UL52 products were expressed indicating that the presence of the UL8 protein is essential for neither the ATPase nor helicase activity of the complex.
INTRODUCTION
The herpes simplex virus type 1 (HSV-1) genome is a doublestranded DNA of approximately 152 kbp (1) . Recent studies have identified a set of seven HSV-1 gene products which, in transient replication assays in transfected tissue culture cells, are necessary and sufficient for origin dependent DNA replication (2) (3) (4) . HSV-1 mutants with lesions in these genes all exhibit defects in DNA synthesis under non-permissive conditions indicating that the seven proteins play important roles in genome replication (5) (6) (7) (8) (9) (10) (11) (12) .
The seven replication proteins have now been identified either in HSV-1 infected cells or by making use of expression vectors (13 -18) , and roles in DNA synthesis have been assigned to them. The viral DNA polymerase holoenzyme contains subunits encoded by genes UL30 and UL42 (14, (20) (21) (22) . A singlestranded DNA binding protein is specified by the UL29 gene (16, 23, 24) , and the product of the UL9 gene binds to specific DNA sequences within the viral origins of DNA synthesis (18, 19) . The remaining three proteins, encoded by genes UL5, UL8 and UL52, form a complex in HSV-1 infected cells which exhibits DNA-dependent ATPase, DNA-dependent GTPase, DNA helicase and DNA primase activities (17, 25, 26) . These enzymatic activities have not yet been assigned to individual subunits of the complex.
By analogy to other replication systems it would be expected that the DNA-dependent ATPase activity of the UL5/UL8/UL52 complex reflects the coupling of ATP hydrolysis to the strand unwinding activity of the helicase. In order to further investigate these activities we have utilised the baculovirus expression system (27) (28) (29) , and have isolated recombinant viruses which individually overproduce the three HSV-1 proteins.
In agreement with the recent results of Dodson et al. (17) we demonstrate that the DNA-dependent ATPase and DNA helicase activities can be reconstituted by triple infection of Spodoptera frugiperda insect cells. Moreover co-expression of the UL5 and UL52 proteins is sufficient for production of these activities suggesting that the UL8 protein may play a separate role in the complex.
MATERIALS AND METHODS

Isolation of recombinant baculoviruses
Spodoptera frugiperda (Sf) cells were maintained at 28 °C in TC100 medium (Gibco) supplemented with 5% foetal calf serum. The propagation of Autographa californica nuclear polyhedrosis virus (AcNPV) and the preparation of viral DNA were as previously described (28, 30) . HSV-1 DNA fragments encoding the UL5, UL8 and UL52 genes were initially subcloned from appropriate plasmids containing larger inserts of wt HSV-1 (Glasgow strain 17) DNA, and subsequently inserted into the unique BamHI site of the baculovirus transfer vector pAcYMl (28) . Resulting plasmids containing HSV-1 inserts in the correct orientations were cotransfected with intact AcNPV DNA into Sf cells as previously described (28, 30) . Recombinant viruses were isolated and purified by performing serial dilutions essentially as described by Elliott and McGregor (31) except that double stranded DNA was prepared from infected cells and screened for the presence of recombinants by restriction enzyme digestion and Southern blot hybridisation to appropriate probes (32) . The resulting recombinant viruses AcUL5, AcUL8 and AcUL52 contain and express the UL5, UL8 and UL52 genes respectively. The HSV-1 DNA sequences present in these viruses are nucleotides 12128-15166 (UL5), 17855-20492 (UL8) and 108961-112514 (UL52) (ref. 1) , in each instance inserted via BamHI cohesive ends.
Preparation of cell extracts
Subconfluent Sf cell monolayers in 90 mm diam. plastic Petri dishes were infected with 10 p.f.u./cell of each of the recombinant viruses under test or with parental AcNPV and incubated at 28°C for 30 h. Cells from 3 monolayers were pooled for the preparation of each extract and all manipulations were performed at 4°C. Infected cells were harvested by scraping into the medium, pelleted and washed 3 times with tris saline solution. The final pellet of washed cells was resuspended in 0.75 ml buffer containing 0.5% Nonidet P40 (NP40) and incubated on ice. Two different buffers were employed: RSB (10 mM Tris-HCl pH 7.5, 10 mM KC1, 1.5 mM MgCl 2 , 1 mM dithiothreitol, 0.5 mM PMSF) for the preparation of cytosol, and buffer C (20 mM hepes pH 7.9, 25% glycerol, 600 mM NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 1 mM dithiothreitol, 0.5 mM PMSF) for the preparation of a fraction including salt-elutable nuclear proteins. Cells resuspended in RSB/NP40 were left on ice for 10 min and centrifuged at ll,000Xg for 30 sec to pellet nuclei. Paniculate material was removed by further centrifugation of the supernatant at 200,000xg for 30 min in a Beckman TLA 100.2 rotor. The final supernatant was applied directly to a phosphocellulose column. Cells resuspended in buffer C/NP40 were left on ice for 20-30 min then directly centrifuged at 200,000 Xg for 30 min. The resulting supernatant was dialysed against buffer B (20 mM hepes pH 7.6, 10% glycerol, 1 mM dithiothreitol, 1 mM EDTA, 1 mM EGTA, 0.5 mM PMSF) containing 50 mM NaCl prior to column chromatography. In practice the two procedures gave almost indistinguishable results.
Phosphocellulose chromatography
Phosphocellulose chromatography was performed essentially as described (25) . Extracts were applied to 2 ml bed volume columns of phosphocellulose (Whatman Pll) equilibrated with buffer B containing 50 mM NaCl. The columns were washed with 10 ml of this buffer and proteins eluted with a linear gradient (15 ml) from 50 to 400 mM NaCl in buffer B. Finally 2 ml buffer B plus 2M NaCl was applied. 1 ml fractions were collected.
Assay for DNA-dependent ATPase activity
Reaction mixes (50 /tl) contained 20 mM Tris-HCl pH 7.5, 10% glycerol, 3.5 mM MgCl 2 , 100 /ig/ml BSA, 5 mM dithiothreitol, 0.05 mM ATP containing 1.5 /tCi [7- 32 P]ATP, 0.1 /tg activated calf thymus DNA and 20 /tl enzyme fraction. Incubation was for 40 min at 33°C. 150 /tl activated charcoal in 50 mM HC1, 5 mM H3PO4 was added, the mixtures vortexed and left to stand for 5 min (33) . The reactions were then centrifuged in a microfuge for 2 min and the free phosphate liberated by hydrolysis of ATP was determined by counting the radioactivity present in a 120 /tl sample of the supernatant. The amount of ATP hydrolysed was calculated by comparison with the total radioactivity in an equivalent amount of the initial reaction mix.
Assay for DNA helicase activity
Helicase activity was assayed as previously described (25) . The substrate consisted of a 45 base oligonucleotide with a 3' tail annealed to M13mpl8 single stranded DNA (25) . The oligonucleotide was labelled using terminal transferase in the presence of [a-
32 P]dATP (34), annealed to the M13mpl8 DNA and the hybrid substrate purified by filtration through a Bio-gel A-1.5m column. Reaction mixes (40 /tl) contained 20 /tl enzyme fraction, 20 ng helicase substrate and 3 mM ATP in buffer A (25) . Incubation was for 2 h at 37°C and the products were analysed by electrophoresis through a 10% acrylamide gel run in 89 mM Tris base, 89 mM boric acid, 2 mM EDTA. After electrophoresis gels were dried and exposed to autoradiographic film.
Assay for the UL5, UL8 and UL52 polypeptides Two approaches were used to identify column fractions containing the UL5, UL8 or UL52 proteins. In some experiments one infected monolayer from a set of 3 was incubated from 24 to 30 h p.i. in 1. S-methionine. 40 /tl samples of labelled column fractions were subsequently analysed by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) on 9% gels (35) . Gels were fixed, treated with EnHance (NEN), dried and exposed to autoradiographic film. Alternative immunological detection procedures were used in other experiments (not shown) with unlabelled extracts. Samples of column fractions were applied to nitrocellulose filters using a dot blot apparatus or electrophoretically transferred from an SDS polyacrylamide gel. Fractions containing the HSV-1 proteins were identified by using rabbit antipeptide antibodies directed against the UL5, UL8 or UL52 polypeptides (kindly provided by Dr M.D. Challberg; ref. 16) or an appropriate control serum, in conjunction with a detection kit (Promega) containing horseradish peroxidase conjugated second antibody.
RESULTS
Expression of UL5, UL8 and UL52 polypeptides by recombinant baculoviruses
Sf cells were infected with 10 p.f.u./cell wt AcNPV, AcUL5, AcUL8 or AcUL52 and incubated at 28°C for 50 h. The infected cells were then washed and samples containing total cellular proteins and the cytoplasmic and nuclear fractions analysed by SDS-PAGE. Fig. 1 shows the proteins visualised by Coomassie brilliant blue staining, each lane containing the material recovered from 1.5 x 10 5 cells. The products of the UL5, UL8 and UL52 genes are readily apparent in the lanes containing total cellular proteins indicating efficient expression by the recombinant viruses. Both the UL5 and UL8 proteins were present almost exclusively in the soluble cytoplasmic fraction, whereas the UL52 protein sedimented with the nuclei. Subsequent experiments have shown that this fractionation of the UL52 protein is a consequence of its insolubility rather than its translocation into the nuclei. Furthermore, when extracts were prepared at 24-30 h after infection, the yields of the HSV-1 proteins were, as expected, much lower but the UL52 gene product was found predominantly in the soluble cytoplasmic fraction (data not shown).
The observation of Crute et al. (26) that in HSV-1 infected cells the UL5, UL8 and UL52 polypeptides form a complex suggested that co-expression of these three proteins might increase the solubility of the UL52 product at late times after infection with AcUL52. This indeed occurred but the proportion of UL52 protein recovered in die soluble fraction was variable and on all occasions a significant amount remained insoluble. Experiments examining the induction of enzymatic activities by the AcNPV AcULS AcUL8 AcUL52 TCN TCN TCN TCN Fig. 1 . Expression of HSV-1 UL5, UL8 and UL52 proteins by rccombinant viruses. Sf cells were harvested 50 h after infection with AcNPV, AcUL5, AcUL8 or AcUL52 and washed in tris saline solution. Total cellular proteins (T) were prepared by direct lysis of a portion of the cells in sample buffer (35) . The remainder of the cells were resuspended in RSB/NP40, incubated on ice for 10 min and centriftiged at 11,000xg for 10 min. The cytoplasmic supernatant (Q and nuclear pellet (N) were similarly prepared for SDS^PAGE. Each lane of a 9% polyacrylamide gel was loaded with material recovered from 1.5 x 10 3 cells. After elcctrophoresis the gel was stained with Coomassie brilliant blue, destained, dried and photographed. The positions of the UL5, UL8 and UL52 proteins are indicated. recombinant viruses were therefore performed on extracts prepared 30 h p.i. Efficient recovery of the over-expressed HSV-1 proteins was achieved by lysing infected cells with NP40 in the presence of either low or high salt concentrations. The resulting extracts (cytoplasmic or total cellular respectively) were centrifuged at high speed prior to column chromatography.
Fractionation of ATPase activities by phosphocellulose chromatography
Total cellular extracts were prepared from Sf cells infected with AcNPV or the three recombinant viruses AcUL5, AcUL8 and AcUL52 either alone or in all possible combinations. After dialysis the samples were fractionated on phosphocellulose columns as described in Materials and Methods. Fractions were collected and assayed for ATPase activity in the presence of activated calf thymus DNA.
Comparison of Fig. 2 panels A and B reveals that a distinct peak of ATPase activity, not present in cells infected with the vector, AcNPV, was induced in cells triply infected with recombinant viruses AcUL5, AcUL8 and AcUL52. This peak of activity eluted at 150-200 mM NaCl, a value similar to that previously reported for the HSV-1 helicase-primase complex (150 mM; ref. 25) , and was dependent upon the presence of DNA in the assay. The ATPase profiles obtained from cells infected with AcUL5, AcUL8 or AcUL52 alone or with AcUL5 plus AcUL8 or AcUL8 plus AcUL52 were each almost identical to that obtained with the control AcNPV extract (data not shown). In contrast, a distinct peak of ATPase activity was obtained from cells which received AcUL5 and AcUL52 in combination (panel C), and this activity eluted between the same salt concentrations as the activity from triply infected cells. The expression of the HSV-1 UL8 product is therefore not required for the induction of the novel DNAdependent ATPase.
DNA helicase activity of phosphocellulose column fractions
Fractions from the phosphocellulose columns described above were also assayed for DNA helicase activity using a substrate consisting of a synthetic oligonucleotide annealed to singlestranded M13mpl8 DNA and containing a 3' single-stranded tail. Fig. 3 , panel A shows that fractions 6-8 from cells infected with the vector AcNPV showed a low level of displacement of labelled oligonucleotide indicative of helicase activity. (Small variations in the amount of hybrid substrate present at the top of the gel probably result from the action of nucleases). Very similar patterns were also obtained with the extracts from cells singly infected with AcUL5, AcUL8 or AcUL52 or co-infected with AcUL5 plus AcUL8 or AcUL8 plus AcUL52 (data not shown). Major novel peaks of helicase activity were however obtained from cells infected with all three recombinant viruses or a combination of AcUL5 and AcUL52 (panels B and C). In both cases maximum helicase activity was present in fractions 4-6, coincident with the peak of ATPase activity (Fig. 2) . Therefore, as with the ATPase activity, the novel DNA helicase activity does not require the UL8 protein.
Presence of HSV-1 specified proteins in phosphocellulose column fractions
The polypeptides present in phosphocellulose column fractions were analysed by SDS-PAGE. Fig. 4 , panel A shows the pattern obtained with extracts from cells infected with AcNPV, and panels B and C the corresponding analysis of fractions from cells triply infected with AcUL5, AcUL8 and AcUL52 or doubly infected with AcUL5 and AcUL52. Bands corresponding to the expressed HSV-1 proteins are indicated. For both sets of recombinant virus infections the HSV-1 proteins co-eluted and were present in maximum amounts in fractions 4-6, coincident with the peaks of ATPase and helicase activity. In single infections the UL5, UL8 and UL52 polypeptides each eluted at a higher NaCl concentration (200-350 mM and in the 2 M wash) than the peaks of enzymatic activity described above (data not shown). The amounts of UL5 and UL52 protein recovered in the peak fractions from the double infection (panel C) appear to be slightly reduced compared with the triple infection (panel B) and this may possibly account for the slightly lower levels of ATPase and helicase activities observed in the doubly infected cells (Figs. 2 and 3 ).
DISCUSSION
The results presented in this paper show that HSV-1 polypeptides synthesised in insect cells by means of a baculovirus expression vector exhibit two activities associated with DNA strandunwinding which are intrinsic to the viral helicase-primase complex. In agreement with the recent report of Dodson et al. (17) novel DNA-dependent ATPase and DNA helicase activities were induced in Sf cells triply infected with recombinant viruses expressing the UL5, UL8 and UL52 gene products, and these activities co-fractionated with the HSV-1 polypeptides. These results, and further purification and sizing of the enzyme by Dodson etal. (17) indicate that the UL5, UL8 and UL52 proteins synthesised in insect cells are able to assemble into a functional complex as occurs in cells infected with HSV-1 (26) .
In testing the possible combinations of single and double infections with AcUL5, AcUL8 and AcUL52 we demonstrated that the novel ATPase and helicase activities were also detected in cells in which only the UL5 and UL52 proteins were expressed. The presence of die UL8 protein therefore appears to have no significant effect upon the expression of the HSV-1 ATPase and helicase activities. Two observations suggest that complex formation between the UL5 and UL52 proteins is important for the ATPase and helicase activities. Firstly, phosphocellulose column fractions from singly infected cells which were known to contain the UL5 or UL52 polypeptide exhibited neither enzymatic activity, and secondly when the two proteins were coexpressed they co-eluted from the column at a salt concentration lower than that at which either eluted when expressed alone. The UL5 and UL52 proteins present in fractions 8-13 (Fig. 4 , panels B and C), which exhibited insignificant ATPase or helicase activity (Figs. 3 and 4) , probably represent uncomplexed polypeptide molecules.
Examination of the amino acid sequence encoded by the UL5 gene led to the prediction diat the protein might function as a helicase (36, 37) and recent experiments confirm its presence in the viral helicase-primase complex (17,26 and this manuscript). The reason why we did not detect helicase activity with UL5 protein in the absence of the UL52 product, or the role of the UL52 polypeptide in potentiating this activity are unknown. An important question now concerns the role of the UL8 protein present alongside the UL5 and UL52 polypeptides in the helicase-primase complex of HSV-1 infected cells. The most attractive hypothesis is that its presence is necessary for the primase function of the complex (26) . Alternatively, it may play an important role in formation, translocation or stability of the complex under normal conditions of infection (which are at a temperature 9°C higher than used for the growth of Sf cells in these studies). Finally, we can not rigorously exclude the unlikely possibility that an Sf cell or AcNPV protein can substitute for the UL8 protein within a functional complex.
Examination of Fig. 4 , however, provides no indication that this may have occurred. Our current experiments aim to distinguish between these possibilities.
